Introduction
The International Agency for Research on Cancer (IRAC) classified arsenic (As) as a human carcinogen, which is without threshold, and a small amount of arsenic can be noxious to human health; Inorganic arsenic is carcinogenic to humans (Group 1) and dimethylarsinic acid (DMA) and monomethylarsonic acid (MMA) are possibly carcinogenic to humans (Group 2B) (1) (2) (3) (4) . Arsenic deposited in water, soil, and air is gradually accumulated in crops naturally because of human industrial activities (5) . In the case of rice, it is likely to be converted from arsenic to arsenite, which tends to move into the grain from the soil under anaerobic conditions (6) . Thus, the arsenic concentration in rice is 10 times higher compared with that in other crops under flooded soil conditions. Moreover, the health risk due to the presence of arsenic in rice is an impending issue in Asia since the daily consumption of rice is extremely high, making it a staple food (7, 8) .
As the toxicity of arsenic depends on its chemical form, it is not desirable to estimate the health risk only on the basis of the total arsenic content in foods (9) . Inorganic arsenic compounds are considered more toxic than organic arsenic (5, 10, 11) . In detail, the toxicity of arsenic species is as follows: Arsenite (As(III))>Arsenate (As(V))>MMA>DMA. The Environmental Protection Agency (EPA) reported that the lethal dose 50 (LD 5 0 ) values of As(III), As(V), MMA, and DMA were in the range of 15-42, 20-200, 700-1,800, and 1,200-2,600 mg/kg, respectively (9) . Therefore, arsenic speciation should be conducted in conjunction with total arsenic determination to estimate the accurate health risk from arsenic by rice consumption. In addition, it has been reported that milled brown rice shows 50% reduction in the total arsenic amount, indicating that polishing efficiently removes the arsenic from rice as most arsenic is accumulated in the bran (12, 13) . Thus, it will be valuable to investigate the concentration of arsenic in rice depending on the degree of polishing in conjunction with arsenic speciation.
Recently, there have been controversies whether the limitation of arsenic in rice is suitable, taking account of its chronic effect and infant health risk. In accordance with the public opinion, the U.S. Food and Drug Administration (US FDA) tested more than 1,300 samples of rice and rice products consumed in the United States and proposed limiting the amount of inorganic arsenic in infant rice cereal to 100 parts per billion (ppb) (14) . This action level is consistent with the level set by the European Commission (EC) for rice and rice products used for infants and children. However, the debate over establishing the limits of arsenic in rice has still not been concluded. Since it is difficult to determine whether the low-level exposure translates to any long-term risks for consumers, continuous research for screening arsenic concentration in rice and its health risk will contribute in establishing appropriate regulations to define the acceptable levels of arsenic concentration in humans.
It is reported that the concentration of natural arsenic in the soil and sediments of Jeollanam-do province in Korea, including Heanamgun, is higher than that in other areas of Korea owing to its geological features such as wide distribution of volcanic rocks and pollution because of pesticide-use (15) . Thus, it is important to investigate the concentration of arsenic species in rice cultivated from Heanam-gun as a criterion for determining arsenic exposure due to Korean rice consumption. In addition, analysis of arsenic species in the bestselling domestic rice cultivated in the Gyeonggi-do province is important to evaluate the potential health risk of consuming such rice by comparing the arsenic concentration with the BMDL 0 . 5
value. The objectives of current study were to 1) determine the residue of total arsenic and arsenic speciation in various rice types from two different areas (Heanam-gun and Gyeonggi-do) using ICP-MS and HPLC-ICP/MS methods, respectively and 2) estimate the potential health risk on the basis of the BMDL value.
Materials and Methods
Standard and chemicals All solutions were of analytical reagent grade chemical and deionized water (18 MΩcm) . The certified reference rice flour (SRM, 1568b White Rice Flour) was purchased from the National Institute of Standards and Technology (NIST; Gaithersburg, MD, USA). Sodium arsenate dibasic heptahydrate (98.0%), cacodylic acid (98.0%), nitric acid (ACS reagent, 70%), and malonic acid (ReagentPlus ® , 99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Arsenic standard for ICP (TraceCERT ® ) 1,000 mg/L) was obtained from Fluka (Sigma-Aldrich). Sodium arsenite (98% extra pure SLR) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Ammonia solution was acquired from Samchun (Korea) and disodium methyl arsonate hexahydrate (98%) was obtained from Chemservice (West Chester, PA, USA).
Sample preparation Rice samples, including brown, red, and black rice, cultivated in two areas of South Korea in 2014 were obtained in July 2015 at a local market in Seoul, South Korea. An aliquot amount of brown rice (15 kg) from region A and B was polished at each of the following degrees of polishing (DOP%) at a rice-mill in region A and using a milling machine set in a market of region B, respectively: white 5 DOP% (milling 5% of total weight from brown rice), white 7 DOP% (milling 7% of total weight from brown rice), and 10 DOP% (milling 10% of total weight from brown rice). Red and black rice were used without polishing as these are usually consumed as whole grains.
Determination of total arsenic in rice by ICP-MS The total arsenic content in rice was measured using ICP-MS (7700 Series; Agilent Technologies, Santa Clara, CA, USA) after acid digestion in a microwave-assisted apparatus (Micro GO; Anton-Paar, Graz, Austria). In detail, the samples (10.0 g) were milled to particles of less than 0.5 mm size and placed in a dry oven for 24 h to dehydrate the water from the rice. An aliquot amount of sample (0.1 g) was then added into a vessel with HNO 3 (7 mL) and H Analytical method for arsenic speciation by HPLC-ICP/MS For the analysis of arsenic speciation in rice using heat-assisted extraction, an aliquot amount of homogenized sample (1 g) was added into a 15 mL polypropylene conical tube with 10 mL of 5 mM malonic acid (pH 5.6). It was then fully shaken by hand for 5 min, extracted at 80 o C for 30 min, and then sonicated for 1 min. The procedures of extraction and sonication were repeated four times, and the samples were finally sonicated for 5 min followed by cooling below 10 o C in a refrigerator for 2 h. Supernatant obtained from centrifugation at 1,714×g for 10 min was filtrated using a 0.45 μm membrane filter. Arsenic species were identified and quantified using HPLC (Dionex UltiMate Q; Thermo Fisher Scientific). The HPLC equipment was connected to a Hamilton PRP X-100 column (3.1x250 mm, 10 μm) set at 25 o C. The mobile phase consisted of 5 mM malonic acid (pH 5.6) and the flow rate was 1 mL/min. 50 μL of sample was injected for analysis. The conditions for ICP-MS was as follows: RF power=1,550 W, carrier gas=1.10 L/min, collision mode=HE flow 1.0 mL/min, plasma gas flow rate=15 L/min, auxiliary gas flow rate=1.0 L/min, selected isotope=m/z 75, and lens voltage=10 V. Analysis of the arsenic speciation of each type of rice from region A and B was proceeded on different day.
Statistical analysis Data on the total arsenic content and arsenic speciation was expressed as the mean±standard deviation (SD) of three samples of each rice type. Statistical analysis was performed using Graphpad Prism 3.0 software (GraphPad Prism, San Diego, CA, USA).
Results and Discussion
The total arsenic contents in brown (0 DOP%) and 5, 7, and 10 DOP% white rice cultivated from region A are shown in Fig. 1A . The total arsenic concentration was 124.0±7.7, 118.2±4.8, 93.3±3.4, and 80.5±3.4 (μg/kg of wet weight) in brown rice, 5, 7, and 10 DOP% white rice, respectively. The highest concentration of total arsenic was found in the brown rice that was not polished, indicating that the concentration of total arsenic in that brown rice was 154% higher than that in 10 DOP% white rice. The total arsenic concentrations (μg/kg wet weight) in the rice from region B with different degrees of polishing are shown in Fig. 1B . Average values of total arsenic (μg/kg of wet weight) detected in brown rice (0 DOP%) and white rice with 5, 7, and 10 DOP% were 200.2±12.3, 194.4±8.8, 161.0±5.6, and 115.9±12.3, respectively. In accordance with the arsenic concentration pattern from region A, brown rice from region B had the highest arsenic concentration, i.e., 172% more than that of 10 DOP% white rice. Total arsenic values in the brown rice from regions A and B did not exceed 300 μg/kg (wet weight), which is a maximum level of total arsenic content set by Codex Alimentarius Commission (16) .
The results indicated that the degree of polishing significantly affected the total arsenic concentration in rice. Previous studies reported comparable results, in which brown rice contained significantly higher amount of total arsenic than polished white rice, indicating that a significant amount of total arsenic remained in the outer layer of rice, which tends to be removed during the polishing process (11, 17) . In the process of milling, the outer layer of brown rice is gradually removed as the degree of polishing increases. The outer layer of brown rice is composed of pericarp, seed coat, nucellus, and aleurone layer, which are non-starch constituents and known to be rich in vitamin B, niacin, and minerals (18) . In the case of 10 DOP% white rice, a little percentage of embryo and endosperm are also polished along with the outer layer. Nutrients contained in the outer layer could be removed by this process. This study suggests that consumption of rice that is appropriately milled to a certain degree of polishing could provide adequate amount of nutrients by reducing exposure to total arsenic. Polishing was found to effectively remove arsenic as it is mostly accumulated in the outer layers of rice, also called bran (12, 13) . It has also been reported that in the investigation of chemical elements such as Ba, Ca, Cr, Fe, K, and Mg, in both brown rice and milled rice, most of the elements were contained in the outer layer of the brown rice, and their concentrations in the milled rice significantly decreased as the degree of polishing increased. In accordance with the reduction of nutrients in polished rice, the inorganic arsenic content in polished rice also decreases depending on the polishing degree (19) . It has been reported that polishing of rice efficiently decreases the concentration of arsenic (12, 13) . The toxicity of arsenic significantly depends on its formation, and the regulation of the level of arsenic in rice have been focused on the concentration of inorganic form rather than that of total arsenic. The standard tolerable level of inorganic arsenic concentration in rice was renewed and established at 200 mg/kg in 2014 by the Korean Ministry of Food and Drug Safety (20) . Thus, the current study further determined the content of arsenic speciation in various rice types depending on the degree of polishing.
The consumption of white rice supplemented with black rice (Oryza sativa L. indica) or red rice (Oryza sativa L.) has increased recently because the colored rice contains health-promoting components such as anthocyanins (21, 22) . Thus, the concentration of arsenic in black and red rice was also investigated by HPLC-ICP/MS.
The concentrations (μg/kg wet weight) of each arsenic species in various rice types from regions A and B are shown in Fig. 2 . Among arsenic species, As(III) and DMA were found in the rice from region A only, including brown and rice milled at different degrees of polishing (5, 7, and 10 DOP%). Contents of As(III) and DMA ranged from 28.51± 0.71 to 78.47±0.5 μg/kg of wet weight and from 1.81 to 8.14 μg/kg wet weight, respectively. In contrast to distribution of arsenic species in brown rice and rice milled at different DOP%, As(III) was mainly found in black and red colored rice, ranging from 11.75±0.27 to 14.28±0.58 μg/kg of wet weight (Fig. 2A) . The concentration of DMA was slightly higher in black rice (8.14±0.2 μg/kg) and red rice (4.49± 0.16 μg/kg) compared with that in brown or polished rice. The concentration of As(III) in red colored rice and black colored rice was 60.48±2.11 and 78.47±0.5 μg/kg, respectively, indicating that it was 116 and 151% higher than that of brown rice from region A. Despite the health benefits from consumption of colored rice, results from this study imply that caution should be taken regarding the consumption level of colored rice because of the high level of inorganic arsenic in the rice.
The concentrations (μg/kg wet weight) of inorganic and organic arsenic in rice from region B are shown in Fig. 2B . It was found that residue of As(III) ranged from 62.1 to 130.4 μg/kg wet weight, which formed 90-92% of the total arsenic species. The amount of As(V) varied from 3.5 to 8.8 μg/kg wet weight, which was equal to 2.5 to 6.2% of the total arsenic species. The concentrations of the inorganic species (As(III) and As(V)) in brown rice and 5, 7, and 10 DOP% white rice were 139.3±12.3, 139.3±4.0, 112.0±6.8, and 65.6±1.2 μg/kg of wet weight, respectively. These values did not exceed the maximum inorganic arsenic limit permissible for white rice (200 μg/kg), which was recently established by KMFD (20) .
It was also found that As(III), followed by As(V), was a major form among the other arsenic components. The concentration of four As components in speciation proportionally decreased with the increase of DOP%, which is similar to the decreasing pattern of the total arsenic amount in rice. This tendency was particularly observed in As(III) rather than other arsenic species. Consistent with our results, mostly As(III) was found in the rice, whereas organic arsenic was rarely found in the rice cultivated in the U.S. and Japan (23, 24) . The concentrations of inorganic arsenic in all the rice types ranged from 28.51±0.71 to 78.47±0.5 μg/kg wet weight, which are well below 200 μg/kg wet weight, the maximum level of inorganic arsenic permissible in polished rice as established by Codex Alimentarius Commission and the European Commission (25, 26) . Other previous studies found that rice milled at different degrees of polishing had a relatively lower amount of inorganic arsenic compared with whole grain rice (10, 12) . For instance, brown rice in Spain had a mean inorganic arsenic concentration of 0.154 mg/kg wet weight, which was nearly two times higher than inorganic arsenic concentration in polished rice (0.079 mg/kg wet weight). The predominant species was As(III), which had a mean concentration value of 68-90% of total arsenic species. The study also reported that As(V) concentration had an insignificant value with an average of 6.6%.
Inorganic arsenic BMDL for a 0.5% increased incidence of lung cancer (BMDL 0 . 5
) was assessed to be 3.0 μg/kg bw per day, assuming 2.0-7.0 μg/kg bw per day on the basis of the range of estimated total dietary exposure. Previous provisional tolerable weekly intake (PTWI) of total arsenic set by Joint Expert Committee on Food Additives (JECFA), which was 350 μg/kg in 1988, was withdrawn because the value was in the region of the BMDL 0 . 5 (27) . Estimation of daily arsenic exposure from the consumption of polished rice (brown and white 10 DOP% rice) is shown in value. However, it was recently reported that the total concentration of arsenic as well as inorganic arsenic in rice tremendously decreased by a process of washing and cooking (23) . Thus, it will be significantly lower than the BMDL 0 . 5 range of assumption set by JECFA. More accurate risk analysis is necessary when considering the changes in inorganic arsenic in rice during washing, soaking, and cooking.
In conclusion, the current study found that the amount of total arsenic and inorganic arsenic was highest in brown rice (0 DOP%) containing the outer layer of rice. As(III) was the predominant species in both brown and milled rice with different DOP%. Colored rice mostly contained As(III), followed by As(V) among As species. This study provided data on arsenic speciation from limited samples of brown rice, milled rice with different DOP%, and colored rice cultivated in two regions in Korea. Thus, further monitoring studies on the determination of arsenic speciation in rice are required for providing rice consumption advisories for consumers and for assessing the health risk of arsenic in rice. 
